The Importance of Conjugation After intravenous administration, BSP is removed from blood, predominantly by the liver, and subsequently is excreted into the bile. It is now generally agreed that a considerable amount of BSP is conjugated with glutathione within the liver cell (1-3), a process catalyzed by a supernatant enzyme (4) . BSP-cysteinyl glycine and BSP-cysteine are also formed (1, 2, 4) , probably by cleavage of amino acids from the tripeptide glutathione moiety, which is conjugated to BSP. BSP conjugates and free BSP are then excreted into bile. In man (5-7), the rat (6, 8, 9) , and dog (2, 5) , BSP conjugates account for most of the BSP appearing in bile, approximately 75 to 85%ob in some studies. The preponderance of conjugated BSP in bile suggests that metabolized BSP is preferentially excreted. However, the observation that free BSP appears in bile leaves uncertain whether conjugation is important for or merely incidental to the hepatic uptake and biliary excretion of BSP.
An assessment of the importance of conjugation on the movement of BSP from blood to bile was undertaken in the present studies conducted in rats. The concentrations of the components of * Submitted for publication January 22, 1965; accepted March 18, 1965. These studies were supported by research grant HE-03439 from the National Institutes of Health, U. S. Public Health Service. Part of this work was presented at the Fifty-fourth Annual Meeting of the American Society for Clinical Investigation, Atlantic City, N. J., April 1962, and appears in abstract form in J. clin. Invest. 1962 , 41 , 1351, and in Clin. Res. 1962, 10, the BSP-glutathione conjugating system in liver, namely, conjugating enzyme and glutathione, were altered by dietary means. The effect of these changes in the conjugating system on hepatic uptake and biliary excretion of BSP was examined in detail. Results of these studies indicate that conjugation of BSP with glutathione exerts an important effect on the extent of transfer of BSP from blood to bile. Although conjugation does not appear to affect hepatic uptake of BSP directly, it does affect the maximal rate at which BSP is transported from liver cells into bile, conjugated BSP being excreted preferentially into bile. (14) , when rats were fed diets similar to those employed in the present studies.
2) Measurement of BSP excretion into bile. The common bile ducts of adult male control rats and animals fed the experimental diets were cannulated with fine polyethylene tubing. Varying doses of BSP 2 per 100 g body weight were administered intravenously over a period of approximately 30 seconds, and bile was collected for 45 minutes in tared bottles. Bile volume was considered equivalent to the weight of the bile collected in this period. The concentration of BSP in bile was determined calorimetrically in a Beckman DU spectrophotometer set at 580 mA, on appropriately diluted bile specimens to which alkali had been added. The product of BSP concentration and bile volume yields a value for total BSP excretion in bile. Distribution of BSP compounds appearing in bile was determined chromatographically by methods described in detail in previous publications (6, 12) . The quantity of BSP excreted as conjugated (chromatographic bands A, B, C) and free (band D) BSP was calculated as the product of total BSP excreted in bile and the per cent of total BSP appearing in each of the chromatographic bands. For these studies, it was assumed that the molecular extinction coefficients of free and conjugated BSP were identical. BSP concentration in plasma was estimated by the method of Gaebler (15) on blood samples collected by cardiac puncture at 45 minutes after BSP administration. The rats were kept lightly anesthetized with ether during the procedure.
3) Estimation of hepatic uptake of BSP. Ten mg of BSP per 100 g body weight was administered intravenously to adult male rats whose common bile ducts had just been ligated, thus preventing significant biliary excretion of BSP. The livers were removed at 5, 15, and 45 minutes after injection and analyzed for BSP content and for the proportion of BSP contained as conjugated and free BSP. Blood samples were obtained from rats sacrificed at 15 and 45 minutes for estimation of plasma BSP concentration. For quantitation of hepatic BSP content, triplicate samples of liver weighing approximately 1 g each were homogenized for 1 minute with 2 ml of acetone in a motor-driven homogenizer utilizing a Teflon pestle. The contents of each tube were transferred with the aid of 3 ml of 83.3% acetone to glass-stoppered conical centrifuge tubes. The contents were thoroughly mixed and the tubes centrifuged for 10 minutes at 4,500 rpm. The supernate was removed, and precipitate extracted twice with 3 ml of 83.3% acetone; the supernates were pooled, and the vol-ume was recorded. Duplicate 150-id samples of the combined acetone extracts were mixed with 4 ml of 0.1 N KOH, and the optical density was determined using 0.1 N KOH as a blank in a Beckman DU spectrophotometer set at 580 m/A. BSP extracted per gram of liver wet weight was calculated as follows: OD 580 (unknown)/OD 580 (standard) X concentration of standard in mg per 100 ml X volume of acetone extract in fractions of 100 ml/weight of liver sample in grams. Samples of the combined acetone extracts were applied to Whatman 1 filter paper strips and chromatographed in order to determine the distribution of BSP compounds.
Recovery in the acetone extracts of known amounts of unconjugated BSP and BSP-glutathione added to samples of liver averaged 94.0 and 40.8%, respectively. Recoveries were the same when BSP compounds were added to liver in which bile ducts had been obstructed for up to 45 minutes. Of the free BSP and BSP-glutathione originally applied at the origin in an acetone-water mixture, 90.8 and 100%, respectively, were recovered in eluates of the respective BSP bands after chromatographic development. Corrections were made for the incomplete recoveries in extraction and chromatography to arrive at the values for milligrams of the respective fractions of BSP contained per gram liver weight. 4) Comparison of BSP compounds excreted in bile with those contained in liver. Ten mg BSP per 100 g body weight was injected intravenously in adult male rats whose common bile ducts were cannulated with fine polyethylene tubing. Bile flow was not interrupted after cannulation. However, bile was collected for analysis only for several minutes before the liver was removed. Thus, in three groups of animals, bile was collected from 7 to 10 minutes, and the liver removed at 10 minutes; bile collected 25 to 30 minutes, liver removed at 30 minutes; bile collected 40 to 45 minutes, liver removed at 45 minutes after BSP administration. BSP was extracted from the livers. The acetone extracts were chromatographed, and the distribution of BSP compounds in liver was determined as described above. Bile samples were also chromatographed, and the distribution of BSP compounds excreted in bile was compared to that contained in liver.
Results

1) Liver composition
Data are expressed per gram wet weight of liver and per 100 g body weight since BSP was administered on the basis of per 100-g rat in subsequent experiments. a) Glutathione content (Table I) . Hepatic glutathione levels averaged 1.87 + SD 0.26 mg per g liver and 7.9 ± 1.3 mg per 100 g body weight in control rats. Glutathione content fell rapidly to approximately 20% of control values (expressed per 100 g body weight) in animals fed a protein- a) Control diet (Table II) . Increasing amounts of BSP were excreted into bile as the quantity injected increased (Figure 1 Figure 2 ) and higher. This was the consequence of diminished biliary concentration of BSP, since bile volume was comparable to that in control animals. Less conjugated BSP was excreted at each dose level. By contrast, more free BSP appeared in bile. However, the increment in free BSP excretion was insufficient to keep total BSP excretion of the rats on a proteinfree diet at control levels with BSP doses of 7.5 mg per 100 g or greater. Plasma levels of BSP were higher than control in these animals with diminished BSP excretion into bile. (Table I) . BSP-glutathione conjugating enzyme activity and body weight fell approximately to the same extent as in rats fed the protein-free diet. Only the 10-mg dose per 100 g body weight was administered to these animals. Excretion into bile of conjugated and free BSP was comparable to that of control animals (Table II, Figure 3 ).
3) Hepatic uptake of BSP (Table III) Unconjugated BSP accounted for 64.2 and 74.9% of the dye in the livers of the rats on control and protein-free diets for 2 Total hepatic BSP per 100-g rat was somewhat higher in the control rats, however, since the proportion of body weight accounted for by liver fell an average of 13.4%o in the rats on the proteinfree diet.
4) Comparison of BSP compounds excreted in
bile with those contained in liver (Table IV) Proportionately more conjugated and less free BSP were present in bile than in liver in both 
FIG. 2. EFFECT OF PROTEIN-FREE DIET FOR 2 DAYS ON BSP EXCRETION INTO BILE IN RATS RECEIVING VARYING DOSES OF BSP INTRAVENOUSLY.
Units for the ordinate are mg BSP per 100 g body weight per 45 minutes. Total BSP excreted in bile was significantly lower in the rats on the protein-free diet at doses of administered BSP of 7.5 mg per 100 g body weight and higher. This was the consequence of decreased excretion of conjugated BSP.
the control and protein-free rats at each time in-BSP contained in liver and in bile was conjugated terval after intravenous administration of dye. in the control than in the protein-free animals at Furthermore, a relatively greater fraction of the any sampling period. 45 minutes. The marked fall in hepatic glutathione levels induced by a protein-free diet was accompanied by decreased BSP excretion into bile due to a fall in excretion of conjugated BSP. By contrast, when hepatic glutathione levels were bolstered by feeding a protein-free diet supplemented with 1% cystine, total BSP excretion into bile returned to control values, primarily due to excretion of conjugated BSP at control levels.
Discussion
The present studies demonstrate that conjugation of BSP with glutathione exerts an important effect on the extent of transfer of BSP from blood to bile. First, conjugated BSP compounds accounted for 73 to 84%o of the dye excreted into bile over a wide range of administered doses. Second, at intravenous doses of 7.5 mg per 100 g body weight and higher, BSP excretion into bile fell due to diminished excretion of conjugated BSP when the components of the hepatic BSPglutathione conjugating system, namely, glutathione, the substrate for conjugation, and the enzyme that catalyzes conjugation, were decreased by feeding a protein-free diet for 2 days. Third, biliary excretion of conjugated, and thus total BSP, was restored to maximal control levels when hepatic glutathione levels were bolstered by feeding a protein-free diet supplemented with 1%o cystine for 2 days, suggesting that conjugation of BSP with glutathione is an important determinant of the maximal rate at which BSP is transferred from blood to bile. Since conjugating enzyme ac- tivity was still decreased to the same extent as in animals on the protein-free diet, glutathione appears to be the limiting factor in conjugation in these short term experiments. The current studies also reveal that conjugation has little direct effect on hepatic uptake of BSP. In confirmation of Philp, Grodsky, and Carbone (9), conjugation was shown to be unnecessary for BSP uptake to occur. Furthermore, the present studies demonstrate that the quantity of BSP contained in the liver is independent of the degree of conjugation. It seems reasonable to conclude, therefore, that conjugation affects the movement of BSP from blood to bile by increasing the rate at which BSP is delivered from within the liver cells into bile. Additional evidence that conjugated BSP is excreted more rapidly into bile is provided by the studies of Philp, Grodsky, and Carbone (9) in rats and by those of Schenker, Goldstein, and Combes (16) in fetal and adult guinea pigs. This conclusion is further supported by the present observation that proportionately more conjugated and less free BSP was present in bile than in liver from which this BSP had just been secreted. Implicit in this observation is that a greater concentration gradient between liver cells and bile can be generated for conjugated than for unconjugated BSP. Impaired intrahepatic conjugation of BSP would be expected, therefore, to result in a decreased rate of delivery of the dye into bile and a decreased biliary concentration of BSP for any given bile volume.
One can only speculate as to the possible reasons for the greater rate of delivery of conjugated BSP into bile. Bradley (17) has demonstrated that conjugated BSP is less readily bound to bovine serum albumin than is free BSP. Studies in our own laboratory (18) have also shown that conjugated BSP is less readily bound by the proteins of the soluble supernatant fraction of rat liver. The supernatant fraction of liver in the rat represents the major storage compartment of the liver cell for BSP (18) and is the site in which most of the hepatic glutathione (11) and virtually all of the BSP-glutathione conjugating enzyme activity (4) is contained. Conversion of unconjugated BSP to BSP-glutathione within the cell might render the dye less tightly bound to intracellular protein and thus permit greater accessibility of conjugated than free BSP to the transport mechanism(s) concerned with delivery of dye into bile. Within this framework, there would be a proportionately higher concentration of unbound conjugated than free dye for any given total concentration of the respective BSP compounds within the liver cell. The apparent larger concentration gradient between liver cell and bile for conjugated BSP, based on total intrahepatic conjugated BSP content, may only reflect, therefore, the relatively higher unbound concentration of conjugated dye and not involve a transport mechanism(s) of different capacity for the respective BSP compounds. Alternatively, there may exist a transport system at the canalicular level for which conjugated BSP has greater affinity than free BSP, or there may be several transport systems for the individual BSP compounds, each of different capacity. An additional consideration concerns the relatively greater lipid solubility of unconjugated than conjugated BSP, even though both compounds are readily water soluble. It is conceivable that BSP compounds are excreted into bile in proportion to their intracellular concentrations, but that free BSP diffuses back across membranes of hepatic or bile ductular cells to a greater extent, resulting in relatively higher concentration in bile of conjugated BSP. Unfortunately, there is no direct evidence available yet to test this possibility.
Assessments of BSP removal mechanisms have been of considerable value in characterizing the hepatic alterations found in some types of hepatic disease and induced by a number of drugs. Such appraisals have been greatly facilitated by the prolonged BSP infusion method of Wheeler, Meltzer, and Bradley (19) , which provides quantitative estimates both of uptake of BSP into the hepatic storage compartment and of the maximal rate of BSP excretion into bile, or BSP Tm. The results of the present studies bear significantly, in at least two important ways, on data obtained with the Wheeler method. First, they indicate that impaired BSP conjugation may be expected to result in a decrease in BSP Tm, but will probably not affect values for BSP uptake into the hepatic storage compartment. The adequacy of conjugation must be examined, therefore, when a decreased BSP Tm is found, since such a finding may be the consequence of impairment of either conjugation, or of the transport mechanism(s) concerned with movement of BSP from within liver cells into bile, or both. Second, nutritional disturbances that interfere with BSP conjugation may also be expected to affect values for BSP Tm. Evidence for this has been obtained recently in our laboratory in studies conducted in dogs, in which feeding a protein-free diet for 1 to 2 weeks resulted in a selective decrease in BSP Tm (20) .
Finally, the present data indicate that the maximal rate of BSP excretion into bile, or BSP Tm, per unit of body weight, is much higher in the male rat than in other species for which such information is available, namely, in the dog and man. With allowance for an appearance time into collected bile of approximately 2 to 4 minutes after intravenous administration, BSP Tm was approximately 0.1 mg per 100-g rat per minute. This is approximately 5 times greater per unit body weight than the average value of 1.9 mg per minute per 10 kg in the dog, and 7 to 8 times greater than the value of 8.6 mg per minute in man with an average weight of 65 kg (19) . Part of this species difference can be accounted for by the relatively larger size of the liver per unit body weight in the rat (21) . This cannot be the sole explanation, however, for the proportion of body weight accounted for by liver in the rat is only 1.5 to 2 times greater than this value in the dog and man, respectively (21) . Whether the species differences in maximal excretory rates for BSP reflect different capacities for BSP conjugation, or for delivery of BSP compounds from liver cells into bile, must await further investigation.
Summary
The components of the hepatic BSP-glutathione conjugating system were altered by feeding rats a protein-free diet or a protein-free diet supplemented with 1% cystine. After 2 days, liver glutathione, the substrate for BSP conjugation, fell approximately 80 and 33%o on the respective diets. Activity of the enzyme that catalyzes BSPglutathione conjugation decreased 25%o, approximately to the same extent in rats maintained on the two diets. After intravenous administration of dye, excretion of BSP into bile was decreased due to diminished excretion of conjugated BSP in the rats fed a protein-free diet for 2 days. Biliary excretion of conjugated, and thus total BSP, was restored to maximal control levels when hepatic glutathione levels were bolstered by feeding the protein-free diet supplemented with 1%o cystine. The data indicate that intrahepatic conjugation of BSP with glutathione exerts an important effect on BSP excretion into bile. Although conjugation does not appear to affect hepatic uptake of BSP directly, conjugation does appear to affect the maximal rate at which BSP is transported from liver cells into bile, conjugated BSP being transported more rapidly into bile.
